We have characterized the restriction mechanism for RD114 virus replication in embryonic feline cells (FeF). By comparing growth properties of the virus in FeF cells with its behavior in a fetal feline glial cell line (G355) permissive for RD114, we showed that both cell lines were readily infectible by virus grown in permissive cells and that no significant differences in viral integration or viral RNA expression could be detected. However, analysis of viral protein expression revealed differences in viral env gene processing in the two cell types.
analysis of viral protein expression revealed differences in viral env gene processing in the two cell types.
Envelope precursor pR85 was produced, but the expected processed gp7O product was detectable only in permissive (G355) cells. An envelope product of 85 kDa was packaged into virions produced by FeF cells, while virions produced by G355 cells contained the expected RD114 gp7O. While the gp85 env-containing virions were infectious for permissive G355 cells, they were unable to infect FeF cells. The block to infection by the gp85-containing particles in FeF cells could be abrogated by treatment with the glycosylation inhibitor tunicamycin. Our results indicate that restriction of RD114 virus involves a novel mechanism dependent on two factors: altered glycosylation of the envelope to a gp85 form and an altered RD114 receptor in FeF cells.
Naturally occurring, nonimmunologically based mechanisms which limit retrovirus replication are known to exist in a variety of organisms, with the Fv-1 system in mice the best-characterized example (15, 21, 34) . Developing an understanding of how such resistance occurs may lead to new opportunities to develop or augment such resistance in natural retroviral hosts and thus lead to new approaches to antiviral therapy for animals or humans. RD114 is a type C oncornavirus endogenous to domestic cats (1, 16, 25, 32) . Although the genome of cats contains approximately 20 copies of RD114, only one encodes a replication-competent viral genome (22) . RD114 virus is generally noninfectious in cat cells (8, 16) and has been previously classified as a xenotropic virus (8, 33) , although it had been shown previously that functional receptors for RD114 virus existed on nonpermissive feline cells (6) . Furthermore, an embryonic feline glial cell line, G355, which permits efficient, high-titer replication of RD114, has been described previously (12) .
The observation that RD114 pseudotypes of transforming type C viruses could infect and transform nonpermissive feline cells while the replication-competent RD114 virus failed to replicate in these same cells (6) suggested that an intracellular, postpenetration step in the viral life cycle was blocked. Since little is known about how such events occur in any restricted cell-virus system, we undertook to analyze the mechanism of RD114 restriction in feline embryo fibroblasts. We compared various stages of the viral life cycle in restricted cells with the behavior of RD114 in the permissive G355 cell line and contrasted both to the behavior of feline leukemia virus (FeLV), a feline type C virus which replicates efficiently in both cell types. These studies indicated that differences in infection, proviral DNA synthesis and integration, viral RNA transcription, or translation or virus release was not responsible for the observed restricted growth. We did observe, however, that the nonpermissive cells, in contrast to the permissive cells, produce a glycosylated gp85 env gene product which is incorporated into virions and that these virions, while fully infectious for the permissive G355 cell line, are essentially unable to infect nonpermissive FeF cells, leading to a block to RD114 spreading in nonpermissive cells. This block, however, can be overcome by treatment of the nonpermissive cells with tunicamycin, a glycosylation inhibitor, suggesting that a glycosylation-induced difference in the RD114 receptor in the nonpermissive cells or alternatively, the production of an unidentified glycosylated ligand which blocks this receptor is responsible for the observed restriction. This two-step phenotypic modification of a type C retrovirus represents a novel mechanism of virus restriction in mammalian cells.
( Figure 2B shows the results following washing and reprobing of this blot with an actin probe to confirm the presence and level of RNA in both lanes. No viral reverse transcriptase activity was detected in the supernatant, nor were RD114 viral proteins detected in FeF cell extracts (data not shown), suggesting that the RNA expression represents defective copies of endogenous RD114 sequences. The lack of protein expression is particularly surprising in view of the high levels of RNA detected, but repeated analysis with sera directed against p28, gp7O, and whole virus failed to detect any virus-related proteins. We cannot rule out, however, that low levels of some viral proteins are expressed in FeF cells.
Following RD114 proviral DNA transfection, both permissive cells (Fig. 2A, lanes 3 and 4) and restricted cells ( Fig.  2A, lanes 5 and 6) show expression of the expected 8.5-kb genomic and 3.2-kb subgenomic envelope mRNA. The genomic RD114 RNA is clearly distinguishable from the endogenous 7.0-kb band expressed in uninfected FeF cells ( Fig. 2A; permissive and nonpermissive cells express RD114 virus in a similar fashion. The observation that the nonpermissive cell expressed high levels of RD114-related endogenous sequences, however, raised the possibility that this might play a role in the restriction process, so we analyzed the ability of these sequences to be packaged into virions and transmitted to uninfected cells.
Endogenous RD114-related sequences produced in FeF cells are packaged into virions. RNA from virions produced by permissive (G355) and restricted (FeF) cells transfected by RD114 proviral DNA was isolated and analyzed by Northern analysis. Virions produced by permissive (G355) cells contained only the expected 8.5-kb genomic RD114 mRNA (Fig.  3, lanes 1 and 2) . However, virions produced by restricted (FeF) cells contained both an 8.5-and a 7.0-kb RD114 RNA species (Fig. 3, lanes 3 and 4) . No viral RNA was detected in extracts of pelleted supernatants from uninfected FeF or G355 cells (data not shown). This 7.0-kb species was also packaged when FeLV was grown on FeF cells (data not shown), indicating that it contains fully functional type C viral packaging signals. We have been unable, however, to detect transmission of this 7.0-kb endogenous RD114 mRNA species to G355 cells. When RD114 virus produced from restricted (FeF) cells was used to infect permissive (G355) cells and RNA prepared from these infected cells was subjected to Northern blot analysis, only the 8.5-kb genomic RNA was detected ( Fig. 2A, lanes 7 and 8) .
Permissive and nonpermissive cells show differences in processing of viral env gene products. Analysis of intracellular viral proteins and those present in released virions revealed no apparent differences in size or relative level of reverse transcriptase or major gag proteins (data not shown). However, analysis with RD114 gp7O antiserum showed significant differences between permissive and nonpermissive cells in both intracellular and virion envelope proteins. While this antiserum recognized two bands of -70 and 85 kDa in producer G355 extracts (Fig. 4A, lane 3) , nonpermissive cells (Fig. 4A, lanes 4 and 5) showed a single diffuse band of -85 kDa, approximately the size of the larger of the two bands seen in permissive cells. Purified virions released by permissive cells contained only the smaller 70-kDa band (Fig. 4B, lane 3) , while nonpermissive cells produce virus containing the larger 85-kDa protein (Fig. 4B, lane 4) envelope components differently. To investigate this further, we performed pulse-chase experiments on cells producing RD114. Following a 1-h pulse with [35S]methionine, cells were incubated in the presence of excess cold methionine and harvested at 1-h intervals and cell extracts were analyzed by immunoprecipitation and polyacrylamide gel electrophoresis. Figure 5 (lanes 4 to 7) shows that in permissive cells RD114 env proteins are chased from an approximately 85-kDa form into a 70-kDa form, the size of which coincides with the size of the protein seen in mature virions (Fig. 4B,  lane 3) . In contrast, in nonpermissive cells (Fig. 5, lanes 8 to  12) , the 85-kDa form is retained and moves into even higher-molecular-mass forms at later times. Note that the reduced levels of all forms seen in Fig. 5, lanes 11 85-kDa form is the size of the env protein found in the virions produced by FeF cells (Fig. 4B, lane 4) . This serum also detects a variable amount of a smaller protein in both infected and uninfected cells, but this is not packaged into virions (see Fig. 4B ). Thus, nonpermissive cells process the viral env protein aberrantly, and both cells and the viruses they produce contain a larger form similar in size to the precursor form seen in permissive cells.
To determine whether this size difference represents a failure to cleave the pl5E fragment from the unglycosylated 85-kDa env gene product, we analyzed the total viral protein in mature RD114 virions. Figure 4C, (Fig. 6, lanes 4 and 5) or nonpermissive (Fig. 6, lanes 6 and 7) cell extracts generate a 56-kDa band upon treatment with endoglycosidase H. The larger forms observed in Fig. 6 , lane 5, are most probably due to incomplete digestion.
RD114 virus produced by nonpermissive cells shows an altered ability to infect nonpermissive cells. The differences in gp7O present in virus produced by permissive and nonpermissive cells raised the question of whether these viruses might exhibit altered patterns of infectivity. Since previous evidence had indicated (see above) that RD114 virus was infectious for the permissive G355 cells, we studied in more detail whether these virions were also infectious for the nonpermissive FeF cells. We prepared RD114 pseudotypes of a neo-containing defective virus and measured the abilities of these stocks to generate drug-resistant colonies on permissive and nonpermissive cells. As had been shown previously, virus grown on G355 cells generated essentially equal numbers of colonies on G355 and FeF cells (Fig. 7,  row 1, lanes A and B) . In contrast, RD114 pseudotypes grown on FeF cells failed to induce G418' colonies on FeF cells (Fig. 7, row 2, lane B) , although they generated large numbers of colonies on G355 cells (Fig. 7, row 2, lane A) . Thus, virions containing the high-molecular-weight form of the RD114 gp7O protein were unable to infect FeF cells, consistent with the observation that RD114 failed to spread in the nonpermissive cell line. In contrast, FeLV grown on FeF cells was fully capable of infecting and spreading in FeF cells despite the fact that these virions also contained a higher-molecular-weight form of gp7O (data not shown).
The inability of RD114 viral pseudotypes containing an altered gp7O to induce G418' FeF colonies was suggestive of a surface block. We had evidence from previous experiments that some nonfeline cells resistant to RD114 infection could be rendered infectible by treatment with glycosylation inhibitors (5), so we tested the effect of tunicamycin, a well-known inhibitor of N-linked glycosylation, on the susceptibility of FeF cells to RD114 infection. Treatment of FeF cells with tunicamycin did not affect the ability of G355-grown virus to induce colonies (Fig. 7, row 1, lane C) (Fig. 7, row 2, lane C) . Similar experiments utilizing FeLV grown on G355 and FeF show no differences in infectivity and no effect of tunicamycin treatment (data not shown). These results were consistent with the presence of an RD114-specific, glycosylationsensitive receptor modification or a glycosylation-sensitive interfering factor in FeF cells which induces resistance to infection by RD114 viruses produced by FeF cells. DISCUSSION RD114 virus had been previously shown to replicate poorly on feline cells and on that basis had been classified as a xenotropic virus (33) . However, RD114 virus had also been shown to undergo one round of infection in restricted feline cells (6) , indicating that lack of an RD114 receptor could not be responsible for the inability of RD114 to replicate. We undertook the studies described in this report in order to determine the mechanism of RD114 virus restriction and to evaluate its potential as a model for cellular control of viral replication and pathogenesis.
We confirmed that RD114 virus could infect but not spread on nonpermissive FeF cells utilizing both (5) showed that the RD114 LTR in restricted FeF cells was equal to or 1.5 times better than that in permissive cells and that the level of expression was similar to that of the nonrestricted FeLV LTR. This observation is consistent with the results of Spodick et al. (29, 30) , who showed that LTRs of both defective and replication-competent endogenous viruses were able to function in several different cell types. Northern blot analysis of RNA expression in restricted and permissive cells showed that while uninfected permissive cells expressed no readily detectable RD114-specific RNA, the nonpermissive FeF cells express multiple species detectable with an LTR-specific probe. This is consistent with other studies which indicate that endogenous RD114-related species are frequently expressed in feline tissues (4, 19) . However, we were unable to detect endogenous expression in FeF cells with polyclonal anti-RD114 antisera directed against whole virus, p28, or gp7O, and no viral particles or reverse transcriptase activity was detected in the culture supernatant. This lack of expression is surprising in view of the high level of viral RNA expressed in these cells, but it could reflect evolutionary selection against protein expression and the generation of functional viruses in cats.
Our data did show that the largest species of endogenous RNA was efficiently packaged by RD114, and we also detected this species in FeLV grown on FeF cells. No transmission to and subsequent expression by G355 cells was ever observed. Murine VL30 sequences, which represent an endogenous retrovirus-like sequence which encodes no viral proteins, are both packaged and transmitted by replication-competent mammalian viruses (2, 26, 27 It is unclear at this point whether the mechanism which we have described is the only one responsible for RD114 resistance in feline cells. However, the majority of feline cell lines which we have tested will not support the spread of RD114. Of four additional fetal or embryonic cell lines and one adult-derived cell line tested, all but one are sensitive to infection by RD114 virus bearing gp7O but are resistant to the gp85 form and thus resemble FeF cells. The sole exception, AH927, is susceptible to both gp7O-and gp85-bearing RD114. Significantly, this line was shown to generate FeLV env protein of about 70 kDa (20) , which would be consistent with its permissiveness, like that of G355, for RD114 bearing either size class of SU glycoprotein.
This report describes the first case in which restriction of retrovirus replication is due to a phenotypic alteration of glycosylation of the envelope gp7O product. Unlike other restriction systems, this restriction is only phenotypic and not genotypic. It would be of interest to determine whether other viruses employ such a mechanism and whether this is involved in either pathogenesis or targeting of virus to specific cells or tissues in vivo.
